ABSTRACT: Rechargeable Mg batteries, using high capacity and dendrite-free Mg metal anodes, are promising energy storage devices for large scale smart grid due to low cost and high safety. However, the performance of Mg batteries is still plagued by the slow reaction kinetics of their cathode materials. Recent discoveries demonstrate that water in cathode can significantly enhance the Mg-ion diffusion in cathode by an unknown mechanism. Here, we propose the water-activated layered-structure VOPO 4 as a novel cathode material and examine the impact of water in electrode or organic electrolyte on the thermodynamics and kinetics of Mg-ion intercalation/deintercalation in cathodes. Electrochemical measurements verify that water in both VOPO 4 lattice and organic electrolyte can largely activate VOPO 4 cathode. Thermodynamic analysis demonstrates that the water in the electrolyte will equilibrate with the structural water in VOPO 4 lattice, and the water activity in the electrolyte alerts the mechanism and kinetics for electrochemical Mg-ion intercalation in VOPO 4 . Theoretical calculations and experimental results demonstrate that water reduces both the solid-state diffusion barrier in the VOPO 4 electrode and the desolvation penalty at the interface. To achieve fast reaction kinetics, the water activity in the electrolyte should be larger than 10 −2 . The proposed activation mechanism provides guidance for screening and designing novel chemistry for high performance multivalent-ion batteries. KEYWORDS: Water cointercalation, layered VOPO 4 , desolvation penalty, magnesium battery, first-principles calculation, water equilibrium T he increasing demand of clean energy in modern society drives the search for reliable, sustainable electrochemical energy storage.
T he increasing demand of clean energy in modern society drives the search for reliable, sustainable electrochemical energy storage. 1 Among the various energy storage technologies, rechargeable lithium-ion batteries are currently the most attractive candidate. 2−4 However, increased concerns about the safety and cost of lithium-ion batteries are triggering the society to explore low cost and high energy "beyond Li-ion" technologies, such as Li−air, 5 Li−S, 6 sodium-ion, 7 and multivalent-ion (MV-ion) batteries. 8 Among these "beyond Li-ion" technologies, the magnesium battery has drawn much attention due to high energy density, low cost, and high safety. 8, 9 Although extensive efforts have been devoted to enhancing the performance of Mg-ion batteries, 10 only limited advance in performance of cathode materials has been achieved because of sluggish reaction kinetics or even deactivation of the host caused by the strong electrostatic interactions between Mg 2+ ions and the anions in the host structure. Only few compounds, including Mo 6 19, 20 and Prussian blue analogues, 21, 22 have been reported for Mg battery cathode materials. However, these cathodes either suffer from low energy density (such as Mo 6 S 8 , Prussian blue) or poor rate performance and cycle life (such as V 2 O 5 , MnO 2 , layered TiS 2 , 17 Li x V 2 (PO 4 ) 3 ). Recently, it was reported that the introduction of H 2 O into the organic electrolyte can significantly improve the electrochemical performance of the multivalent-ion cathodes, 23−25 and it is believed that the water in electrolytes can be inserted into cathode lattice by cointercalation of Mg with coordinated water molecules 26−28 and that the intercalated crystal water in MnO 2 can change the MnO 2 phase from spinel to a layered Birnessite structure, 29 enlarging the layered structure, 30 thus accelerating the MV-ion mobility. In addition, the strongdipole water molecules presumably "shield" the charges of divalent Mg-ion and reduce the electrostatic interaction between the concentrated charges, 14, 31, 32 which also enhance the Mg-ion diffusivity. Theoretical calculation demonstrated that H 2 O in wet electrolytes can shuttle with the Mg-ion during Mg-ion insertion/extraction in Xerogel V 2 O 5 , yielding higher voltages and fast reaction rate. 33 Although the H 2 O in the electrolyte and/or in the lattice of the layered structured host significantly changed the thermodynamics and kinetics of Mg-ion intercalation, the precise mechanism is still under debate. The systematic investigation of the role of water in the electrolyte and the host lattice will provide guidance for design of high-performance Mg-ion batteries.
In this work, we used layered VOPO 4 as a model cathode to systematically investigate the mechanism for water activation of an MV-ion cathode. Table 1 . Only negligible capacity can be accessed from VOPO 4 in the dry electrolyte (8.0 mAh/g). VOPO 4 ·2H 2 O in the wet electrolyte provides maximum capacity of 89 mAh/g in the first cycle, which is comparable to that of layered V 2 O 5 · nH 2 O. 34 However, just introducing water to either a VOPO 4 electrode or a Mg(ClO 4 ) 2 -PC electrolyte could improve the capacity only slightly. The introduced water in electrode or electrolyte renders the increased capacity of VOPO 4 , confirming that water can activate the VOPO 4 cathodes.
The OCVs, voltage hysteresis, and specific capacity of VOPO 4 after ten cycles with and without water in the electrode or electrolyte are summarized in Figure 1d . Thermodynamically, the OCVs are increased due to the presence of water in electrode and/or electrolyte, and the VOPO 4 ·2H 2 O in the wet electrolyte exhibits the highest OCV. Kinetically, the voltage hysteresis was obtained by subtracting the mid voltage of charge from that of discharge to reflect the kinetics of the electrochemical process. Introducing water in both VOPO 4 electrode and electrolyte significantly reduces the voltage hysteresis from 1.15 to 0.49 V, indicating the obvious promotion of the kinetics. These results manifest that the presence of water has remarkable influence on the thermodynamics and kinetics of the electrochemical process. Figure 1c shows that the water in either VOPO 4 interlayer or electrolyte increase the capacity, but VOPO 4 ·2H 2 O in wet electrolyte has the highest capacity, also suggesting that H 2 O exchange between interlayer of VOPO 4 and in the electrolyte. The exchange of H 2 O in VOPO 4 and electrolyte during charge/discharge was characterized using XRD since the (001) peak position in XRD is highly sensitive to the H 2 O and Mg 2+ in a VOPO 4 lattice. As shown in Figure 2a , the right shift of the (001) peak after discharge indicates that the intercalation of Mg 2+ ions into VOPO 4 ·2H 2 O in a wet electrolyte reduces the interlayer distance. Upon charging, the (001) 4 structures when water activity is 1 (α = 1) in wet electrolytes (Figure 2b) . Green, blue, and red lines represent the stoichiometric coefficient n as 0, 1, and 2, respectively. The black dot−dash line indicates the energies of the global equilibrium ground states configuration of Mg x VOPO 4 ·nH 2 O phases. The result suggests that the equilibrium ground states of Mg x VOPO 4 ·nH 2 O are at a fully demagnesiated and half hydrated state (x = 0, n = 1), a half magnesiated and fully hydrated state (x = 0.5, n = 2), and a fully magnesiated and fully hydrated state (x = 1, n = 2) VOPO 4 . The ground phase diagram indicates the electrochemical process can be illustrated as VOPO 4 . In the range of water activity from 10 −2 to 10 −5 , H 2 O exits from the structure with Mg-ions, decreasing the voltage to 1.79 V. It is apparent that the voltage increases with the increase of the water activity. This increase can be explained by realizing higher activity of water in electrolyte can supply more water to the electrode, which can stabilize the Mg x VOPO 4 structures. However, it should be noted that adding water to the electrolyte narrows the electrolytic potential window. At a low water concentration in the electrolyte, the low voltage plateau of Mg x VOPO 4 ·nH 2 O is (Figure 2e ). Upon Mg-ion deintercalation (charging), water molecules in the VOPO 4 ·2H 2 O exit with Mg 2+ forming VOPO 4 ·nH 2 O (n < 2), which makes the slight shift of (001) peak of VOPO 4 ·2H 2 O (Figure 2a) . The water content in VOPO 4 ·nH 2 O also changes the phase transformation pathway during Mg-ion intercalation, thus changing the reaction kinetics and capacity.
To fully understand the effects of water in VOPO 4 ·nH 2 O and in electrolytes on capacity, the reaction kinetics of VOPO 4 · nH 2 O with different H 2 O content in dry and wet electrolytes were also investigated. First, the kinetics of Mg 2+ diffusion in the electrode was assessed. Based on the phase diagram in Figure 2c , the initial states in dry and wet electrolytes are VOPO 4 and VOPO 4 ·H 2 O, respectively. Hence, these two phases were employed to investigate the kinetic characteristics. Figure 3a illustrates the diffusion pathway in VOPO 4 20 The presence of intercalated water significantly lubricates the diffusion of Mg 2+ ion in the electrode bulk. The role of water in improving the diffusion process in electrodes was further studied by evaluating the electrostatic potentials along the diffusion path of VOPO 4 and VOPO 4 · H 2 O (Figure 3c ). The electrostatic potentials show a strong correlation with the energy barriers in Figure 3b . The oscillations of electrostatic potential of VOPO 4 are found larger those that of VOPO 4 ·H 2 O, which indicates a larger change of electrostatic interaction between Mg 2+ ions and the VOPO 4 layer during diffusion. The overview of electrostatic potential difference (black arrow) results mainly from the different interlayer distances. The small local oscillation in the black dashed circle is contributing from the water dipole effect. Therefore, according to the electrostatic potential plot, the electrostatic interaction decrease results mainly from the expanding of the interlayer distance by structural water.
In addition to the diffusion barriers in the electrode, the desolvation energy of Mg 2+ ions at the interface between electrode and electrolyte is considered to be another main factor for the kinetics because Mg 2+ ions have to desolvate before intercalation. The formation free energies are calculated to measure the desolvation penalty of Mg 2+ ions in dry and wet electrolytes. According to the formation energies shown in Figure 3d , the most energetically favorable solvate configuration is [Mg(PC) 6 O in dry and wet electrolytes at different Mg-ion intercalation levels were also measured using the galvanostatic intermittent titration technique (GITT). As shown in Figure 3f , the overpotential for VOPO 4 ·2H 2 O in dry electrolyte is much larger than that in wet electrolyte. As theoretically predicted, the large overpotential of VOPO 4 ·2H 2 O in dry electrolytes is attributed to both the large desolvation energy of [Mg(PC) 6 ] 2+ and the extremely lower diffusivity of Mg-ion in VOPO 4 since the H 2 O in VOPO 4 ·2H 2 O will transport into dry electrolyte to reach equilibrium.
According to the theoretical analysis, materials characterization, and electrochemical behavior of VOPO 4 ·nH 2 O in dry and wet electrolytes, the water activation mechanisms for VOPO 4 as Mg-ion battery cathode materials were proposed (Figure 4 ). During the electrochemical process, the desolvation energy penalty at the interface and diffusion barrier in the electrode act as two gates for Mg 2+ intercalation. For VOPO 4 in dry electrolyte, the Mg-ion intercalation into VOPO 4 Figure S6 , Supporting Information). The stable performance indicates the capacity can be activated and maintained in the layered VOPO 4 by the addition of water. Screening additives in electrolyte, which are not only stable with both Mg anode and high voltage layered cathode but also play the similar role as water, can be an effective way to further increase the performance of layered cathode Mg batteries.
In summary, combining electrochemical experiments and DFT calculations, we demonstrate that the capacity of VOPO 4 can be largely activated and maintained by introducing water both in VOPO 4 structure and in the electrolytes. Water activity in the electrolyte should be larger than 10 −2 to equilibrate with structural water in VOPO 4 Author Contributions X.J. and J.C. synthesized the electrodes, characterized the sample, tested the electrochemical performances, analyzed the results, and wrote the manuscript. F.W. and W.S. synthesized the VOPO 4 powder and performed the SEM and TGA tests. X.J., Y.R., L.M., and J.J. designed and conducted the computational works. All authors discussed the results. C.W. supervised the study. 
